Introduction
The 3' ends of most eukaryotic messenger RNAs are generated by specific endonucleolytic cleavage of longer primary transcripts and subsequent polyadenylation of the upstream fragment to yield a poly(A) tail that ranges from about 70 residues in the yeast Saccharomyces cerevisiae to nearly 300 residues in humans.
The biochemistry of 3' end formation of mammalian mRNA has been elucidated in recent years (for review see Wahle and Keller, 1992) . The enzyme that synthesizes poly(A) tails is poly(A) polymerase (Wahle, 1991 a) . At least five additional factors act in concert to recognize, cleave, and polyadenylate mammalian pre-mRNAs. One set of factors is required only for cleavage and comprises the cleavage stimulation factor (CstF) (Takagaki et al., 1990) and two as yet ill-defined cleavage factors. It is not clear which protein or combination of proteins constitutes the actual endonuclease. Specific polyadenylation of RNA substrates containing the canonical AAUAAA signal can be reconstituted from purified polymerase and the cleavage and polyadenylation specificity factor (CPSF) (Bien-* Present address: Department of Chemistry and Biochemistry, University of Colorado, Boulder, Colorado 80309-0215. roth et al., 1991) . The reaction is more efficient when the poly(A)-binding protein II (PAB II) is added as well (Wahle, 1991b) . CPSF and poly(A) polymerase are also needed for the initial cleavage step.
Yeast poly(A) polymerase has been purified to homogeneity (Lingner et al., 1991 a) . The enzyme has no specificity for a genuine yeast mRNA 3' end. In contrast, polyadenylation in cell free extracts is specific for the correct 3' end (Butler et al., 1990) , indicating that the polymerase must cooperate with one or several specificity factors. Chen and Moore (1992) reported the identification of three chromatographic fractions that are required in addition to poly(A) polymerase for 3' end maturation of yeast mRNA precursors. In contrast with mammals, poly(A) polymerase appears to be dispensable for the cleavage step; instead, cleavage requires cleavage factor I and il (CF I and CF II). Specific polyadenylation occurs upon combination of poly(A) polymerase with CF I and the polyadenylation factor I (PF I). More recently, it was shown that two previously identified genes, RNA 14 and RNA 15, encode components of CF I (Minvielle-Sebastia et al., 1994) . Since CF I is the only factor necessary for both cleavage and polyadenylation, it has been suggested that this factor contains a component that recognizes processing signals located upstream of the poly(A) site (Chen and Moore, 1992; Minvielle-Sebastia et al., 1994) .
The N-terminal region of the yeast poly(A) polymerase displays 47% identity with the corresponding region in the bovine enzyme (Raabe et al., 1991; Wahle et al., 1991; Lingner et al., 1991b) , whereas their C-terminal domains are unrelated; conceivably, the C4ermini may be involved in interactions with nonconserved specificity factors (Lingner et al., 1991b) .
In an attempt to identify proteins that interact with poly(A) polymerase, we isolated a gene, termed FIP1 (for factor interacting with PAP1). The in vivo and in vitro phenotypes of conditional fipl mutants were investigated and strongly suggest an involvement of FIP1 in polyadenylation of mRNA precursors as a component of PF I. FIP1 also interacts with the RNA14 subunit of CF I in vitro, implying that a CF I-PF I-poly(A) polymerase complex forms in vivo that in turn binds to polyadenylation signals on the pre-mRNA. EcoRI-Xbal fragment covering FIP1 was sequenced by the dideoxy chain termination method on a series of nested deletions generated with exonuclease III (Henikoff, 1984) . The presumed start of translation of FIP1 is labeled 1. The proline-rich region is underlined, and a putative nuclear localization signal is indicated by thick underlining. Residues that are altered in fipl-1, fipl-2, or fipl-3 mutant alleles are given above the sequence, where translational termination codons (shown by asterisks) are indicated. (B) Interaction between PAP1 and various FIP1-GAL4 hybrid proteins in the two-hybrid system. Numbers in parentheses designate the N-terminal and C-terminal amino acid positions of FIP1 in the GAL4 hybrids. Colony color was monitored by filter lift assays (Chevray and Nathans, 1992) . Quantitative I~-galactosidase assays were conducted on Y526 strains expressing the designated constructs. Assays were done in multiples for at least four independent traneformants. Mean values and standard deviations are given in units (see Experimental Procedures for definition).
B
Song, 1989). To identify proteins interacting with the yeast poly(A) polymerase protein (PAP1), we transformed a yeast reporter strain expressing a fusion of the entire open reading frame (ORF) of PAP1 to the GBD with three plasmid libraries in which the GAD was fused to yeast genomic fragments in each reading frame. Of the transformants, 150,000 were screened for lacZ expression. Three pGAD fusions that were dependent on the presence of the GBD-PAP fusion plasmid for I~-galactosidase activity were isolated. The sequence adjacent to the fusion site in each plasmid was determined by extending a primer complementary to the GAD coding sequence. The plasmid with the longest fusion contained an ORF of at least 100 amino acids that did not match any sequence in the EMBL and GenBank data bases. Activation of the reporter gene required the PAP1 portion of the GBD-PAP1 hybrid; no activation was observed when the pGAD-fusion plasmid was transformed into a strain expressing only the GBD ( Figure  1B) . Hence, the hybrid encodes a protein that interacts with PAP1 and that will be referred to as FIPI. With a probe derived from the FIP1 portion of the GAD-FIP1 fusion, a clone with an insert of -5.4 kb was isolated from a yeast genomic library in plasmid YEp13 (Na~myth and Tatchell, 1980) . After restriction enzyme mapping, the sequence of a 1959 bp EcoRI-Xbal fragment was determined. It contained a single ORF of 327 amino acids with a predicted molecular mass of 35,777 Da ( Figure 1A ). Sequences upstream of the FIP1 gene were found to be identical to sequences encoding the C-terminal 44 amino acids of the inducer of meiosis gene, IME1 (Smith et al., 1990) . The initiation codon of FIP1 is 366 bp downstream of the IME1 stop codon.
Southern blot analysis of genomic DNA cleaved with several restriction enzymes showed that FIP1 is a singlecopy gene in a haploid yeast genome (data not shown). For disruption of the FIP1 gene, more than 80% of the coding region was replaced by a LEU2 gene insertion. This was achieved by transformation of a diploid leucine auxotroph strain (JK4a/~; M. Hall, Biozentrum) with a restriction fragment containing the fipl::LEU2 insertion and plating on medium lacking leucine. Integration of the marker into the FIP1 locus was confirmed by Southern blot analysis. After induction of meiosis, three to four tetrads from three independent transformants were dissected on yeast extract-peptone-dextrose (YPD) plates. All viable spores were leucine auxotrophs and in no case did more than two of the four spores form colonies. The deletion could be rescued when F/P1 was supplied on a centromeric plasmid. Thus, FIP1 is essential for cell viability.
For genomic mapping, filters containing 82% of the S. cerevisiae genome in an ordered array of ;~ phage clones (obtained from L. Riles and M. Olsen, Washington University) were hybridized with a FIPl-specific probe. FIP1 was mapped to the right arm of chromosome X, between 160 kb and 180 kb. When Northern blots with yeast total RNA were hybridized with a FIPl-specific probe, only a single transcript of approximately 1.1 kb was detected (data not shown).
The junction of the fusion to the GAD in pGAD-FIP occurred at an internal Sau3A site corresponding to amino acid 27, and restriction enzyme analysis indicated that the fusion contained the rest of the FIP1 gene. Interaction between FIP1 and PAP1 was further investigated in the two-hybrid system by switching the "bait" and the "prey" in their respective plasmids, i.e., by fusing the entire ORF of FIP1 to the GBD and placing the PAP1 insert into the GAD-fusion vector, t3-Galactosidase activity was quantified with a colorimetric assay ( Figure 1B ). Yeast strain Y526 cotransformed with pGBD-FIP and pGAD-PAP scored approximately one third of the 13-galactosidase activity observed in strains harboring pGBD-PAP and pGAD-FIP. This may be caused by the 26 N-terminal amino acid residues present in the GBD-FIP fusion and lacking in the originally isolated GAD-FIP fusion (see below). However, in assays of defined protein combinations, one orientation of the hybrid often activates transcription much more efficiently (Bardwell et al., 1993; Brown et al., 1994) . Moreover, the GBP-FIP fusion protein alone could account for nearly 20% of the activity observed in pGBP-FIP and pGAD-PAP transformants. Ma and Ptashne (1987) have reported that random protein domains can cause activation when fused to the GBD. All of the activating sequences analyzed were acidic, as is the case for FIP1 (pl, 4.08). We therefore assume that/acZ activation by the GBD-FIP1 hybrid alone does not reflect a true function of FIP1 in transcription.
Isolation and Characterization of tip1 Mutants
Conditional fipl mutants were generated by in vitro mutagenesis. Plasmid plA22, carrying the wild-type allele of FIP1, was treated with hydroxyl amine and transformed into strain PJP22 bearing a deletion of the chromosomal FIP1 gene and plasmid plA34 (URA3 FIP1). After eviction of plA34, 18,000 transformants were screened for conditional growth by replica plating. Two clones were isolated that were unable to grow at 37°C on medium supplemented with 3% formamide. Formamide has been shown to be a selective agent for the isolation of conditional mutants (Aguilera, 1994) . In one of the two mutants, the temperature-and formamide-sensitive phenotype was genetically linked to the FIP1 insert.
The coding region of the temperature-and formamidesensitive allele (tip1-1) was sequenced and compared with the wild-type sequence. Two C to T transitions were found, resulting in changes of the leucine codon at position 99 into a phenylalanine codon and of the glutamine codon at position 216 into a UAG stop codon. The nonsense mutation eliminates the C-terminal 111 amino acids of the protein and suffices to produce the observed phenotype, since polymerase chain reaction (PCR)-mediated introduction of a UGA stop codon at the corresponding position of the FIP1 gene (tip 1-2) led to the same growth phenotype.
We then tested whether further deletions would render the cells susceptible to either high temperature or formamide alone. A mutant lacking the last 131 amino acids (fipl-3) grows slowly at 24°C and is deficient for growth at 37°C, as well as in medium containing formamide at all temperatures.
The interaction of the mutant FIP1 proteins with PAP1 was also examined in the two-hybrid system. For this purpose, the yeast reporter strain Y526 was transformed with pGBD-PAP and a plasmid containing a fusion of the GAD to the ORF of either lip1-2 or fipl-3. As a control, the entire ORF of FIP1, including the 26 N-terminal codons missing in the originally isolated pGAD-FIP, was fused to the GAD to yield plasmid pGAD-F327. Western blotting analysis confirmed that each of the different hybrid proteins was expressed at comparable levels (data not shown). Surprisingly, i~-galactosidase activities of strains harboring pGBD-PAP together with pGAD-F327 were significantly lower than those of strains transformed with pGBD-PAP and pGAD-FIP ( Figure 1B ). Whereas the interaction of Fipl-2 with PAP1 was only slightly reduced, the signal decreased approximately 20-fold with Fipl-3. The 20 amino acids between positions 197 and 216 of FIP1 therefore appear to be involved in interaction with PAP1. More importantly, the capacity of the Fipl mutant proteins to interact with PAP1 parallels the growth phenotype engendered by the corresponding fipl mutant alleles. This correlation suggests that a productive interaction between PAP1 and FIP1 may be crucial for cell viability.
FIP1 Protein Interacts with Poly(A) Polymerase in Vitro
To confirm that the interaction between PAP1 and FIP1 occurred directly and in the absence of other yeast proteins, we performed in vitro binding experiments with purified recombinant proteins (see Experimental Procedures).
Escherichia coil strains transformed with a FIP1 expression vector produced a protein with an apparent molecular mass of -50 kDa, larger than expected from the FIP1 coding sequence. The size of the detected protein is in good agreement with the size of FIP1 expressed in yeast (see Figure 5B ). The low electrophoretic mobility is therefore likely to be an intrinsic property of the FIP1 protein, possibly due to its high proline content (See and Jackowski, 1989; Wilson et al., 1994) . Approximately equimolar amounts of FIP1 and PAP1 were mixed and run on a sizing column. The majority of the two proteins eluted as a single peak, followed by a second protein peak, containing small amounts of FIP1 not engaged in the complex (Figure 2 , bottom). The second peak eluted at the same position as FIP1 when run alone on the same column (Figure 2 , middle). PAP1 also eluted later when run separately (Figure 2, top) , indicating that FIP1 and PAP1 are capable of forming a stable complex in the absence of other proteins.
The apparent molecular masses, determined by comparison with marker proteins run under the same conditions, were 68 kDa for PAP1, which is in good agreement with the molecular mass deduced from the PAP1 coding sequence (64.6 kDa; Lingner et al., 1991b) , 125 kDa for FIP1, and 200 kDa for the complex of both proteins (data not shown). Thus, the molecular masses are approximately additive. However, FIP1 eluted much earlier than expected based on its molecular mass. Two alternative explanations may account for this result: either FIP1 may be able to form homopolymeric complexes, and each of these complexes may bind one PAP1 molecule or the Stokes radius of FIP1 may be larger than that observed for globular proteins of comparable molecular masses, resulting in a faster migration on gel filtration columns. The two peak fractions (Figure 2 , fractions 8 and 9) of the eluted complex were analyzed by SDS-polyacrylamide gel electrophoresis (SDS-PAGE), Coomassie brilliant blue staining, and laser scanning densitometry. PAP1 and FIP1 coeluted in a nearly stoichiometric ratio of 1.1:1 (data not shown). This observation favors the latter hypothesis.
Thermal Inactivation of the lip1.3 Gene Product Leads to Poly(A) Shortening and Decreases the Steady-State Level of Actin mRNA in Vivo
The effect of an inactivation of Fipl-3 protein on poly(A) tail length was examined. Wild-type and lip1-3 cells were grown in liquid culture, and total RNA was prepared from Highload 16160 column (Pharmacia), equilibrated in the same buffer, and eluted at 0.2 ml/ min. Fractions of 1 ml of a 125 ml run were collected, and 100 pJ samples of the proteincontaining fractions (OD2ao, >~0.01) were concentrated by precipitation with trichloroacetic acid, resolved on SDS-polyacrylamide (10%) gels, and silver stained. Protein markers (M) are indicated; sizes are in kilodaltons. The lane marked load indicates 2 p.I of the load fractions was analyzed for comparison.
aliquots withdrawn at various times after a shift from 24°C to 37 ° C. The R NA was labeled at the 3' end and subjected to RNase digestion to leave only the poly(A) tails intact ( Figure 3A ). Upon temperature shift, the maximum length of poly(A) tails increased by -1 0 residues in wild-type cells, as has been observed before (Minvielle-Sebastia et al., 1991; Sachs and Deardorff, 1992) . Conversely, in fipl-3 mutant cells, long poly(A) tails were significantly diminished after a 5 rain shift, whereas a population of short (up to -20 adenosine residues) tails persisted for at least 1 hr. At the permissive temperature (24°C), the poly(A) tails in the mutant and the wild-type strain had the same maximal length.
Poly(A) tail shortening in tip1-3 cells is reminiscent of the phenotype observed in rna14 and rna15 mutants (Minvielle-Sebastia et al., 1991) and in poly(A) polymerase (pap1-1) mutants (Proweller and Butler, 1994) . RNA14 and RNA 15 are essential for 3'-end processing (MinvielleSebastia et al., 1994) . Mutants !n these genes also exhibit a rapid decay of the actin transcript (ACT1) after temperature shift (Minvielle-Sebastia et ~1., 199~). Similarly, analysis of pap1-1 mutants revealed .that the amount of ACT1 mRNA decreases about 50% after a 30 min shift to nonpermissive temperature (Patel and Butler, 1992) . This prompted us to use Northern blot analysis to follow the fate of ACT1 mRNA in fipl-3. During incubation at 37°C, ACT1 mRNA decays with an estimated half-life of 20-30 min ( Figure 3B) . A similar half-life was also observed in a strain bearing a temperature-sensitive mutation of the large subunit of RNA polymerase II (rpbl-1) (data not shown; Herrick et al., 1990) .
These data suggest that after temperature shift of the fipl-3 mutant cells, mature ACT1 mRNA is no longer made while the existing mRNA decays. The observed phenotypes are consistent with a defect in the maturation of mRNA 3' ends in the mutant cells.
PF I Restores the Polyadenylation Deficiency of

tip1.1 Mutant Extracts and Contains FIP1 Protein
Extracts were made from tip1-1 mutants and tested for their ability to process synthetic mRNA precursors in vitro. An RNA substrate corresponding to the 3' end of the iso-1-cytochrome c (CYC1) mRNA was accurately and efficiently cleaved in extracts obtained from both the wild-type (PJP20) and the lip1-1 mutant (PJP24) strains ( Figure 4 , lanes 2 and 3). The downstream cleavage product is rapidly degraded and cannot be detected (Chen and Moore, 1992 (fipl-3) cells at various times after a temperature shift. Total RNA was isolated from aliquots withdrawn from cultures following incubation at 37°C for 0, 5, 12, 30, and 60 min. Samples (2 p.g) of the isolated RNAs were 3'end labeled and subjected to RNase A and RNase T1 digestion. Poly(A) tails were visualized by electrophoresis on a gel of 10% polyacrylamide and 8.3 M urea. Size-selected poly(A)72_~s was taken through the entire procedure as a control (data not shown) and served as size marker (indicated on the left in number of nucleotides).
(B) Northern blot analysis of ACT1 mRNA decay in fipl-3 cells as a function of incubation time at 37°C. Equal amounts of bulk RNA (-15 ~g) from the same samples used in (A) were run on a 1% agarose, 2% formaldehyde gel and transferred to nitrocellulose membrane by capillary blotting (Sambrook et al., 1989) . ACT1 mRNA was probed with a 1007 bp XhoI-Hindlll fragment covering a large part of the gene (Ng and Abelson, 1980) and detected with the enhanced chemiluminescence nucleic acid detection system, as instructed by the manufacturer (Amersham). The migration of the large ribosomal RNAs and RNA markers as estimated by the ethidium bromide fluorescence is indicated on the left and right, respectively. 10) . Reaction products were visualized by autoradiography after electrophoresis in a gel of 5% polyacrylamide and 8.3 M urea and are labeled as follows: pA, polyadenylated species; 5', upstream cleavage product. Markers (M) are pBR322 DNA digested with Hpall, and sizes are indicated in number of nucleotides (determined by overexposure of the autoradiograph).
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cleavage. The three factors were separated by chromatography on a Mono Q column (Chen and Moore, 1992) . Fractions 56-70 (corresponding to elution at 340-440 mM KCI) complemented the polyadenylation deficiency of fip 1-1 extracts ( Figure 5A , lanes 6-13). Complementing fractions also contained PF I, as defined by its ability to reconstitute polyadenylation when combined with PAP1 and CF I fractions (data not shown). Western blotting analysis with anti-FIP1 antibodies detected a polypeptide of approximately 50 kDa in the same fractions that restored polyadenylation activity ( Figure 5B ). Additional evidence that the anti-FIP1 antibody recognizes a component of PF I emerged from immunodepletion of wild-type extracts (data not shown). Pretreatment of extracts with antiserum to FIP1, but not with the corresponding preimmune serum, completely inhibited polyadenylation activity, whereas cleavage activity was reduced only about 2-to 3-fold. Thus, depletion of FIP1 protein from wild-type extracts results in a similar phenotype as displayed by the fipl-1 mutant extracts.
FIP1 Tethers Poly(A) Polymerase to CF I
To determine whether FIP1 or PAP1 also associates with subunits of CF I, we performed coimmunoprecipitation experiments with either recombinant FIP1 or PAP1 and various combinations of in vitro translated and radiolabeled proteins. The immunoprecipitates were analyzed by S D S -PAGE and autoradiography. In control experiments, labeled PAP1 and FIP1 proteins were efficiently immunoprecipi- tated by anti.PAP1 and anti-FIP1 antibodies, respectively, but not by the corresponding preimmune sera ( Figure 6A , lanes 1 and 2; Figure 6B , lanes 1 and 2). A number of lower molecular weight fragments, presumably derived from premature translation termination of PAP1 mRNA, were also precipitated by the anti-PAP1 antibody ( Figure  6A , lane 1). Unlabeled purified PAP1 coupled to anti-PAP1 protein A -S e p h a r o s e beads coprecipitated labeled FIP1, as expected from the previous results, but not RNA14 or RNA15 ( Figure 6A , lanes 6-11). Translation of FIP1 mRNA produced a smaller polypeptide in addition to FIP1 ( Figure  6A , lane 5). However, this polypeptide was precipitated neither by the anti-FIP1 antibody ( Figure 6B , lane 1) nor together with PAP1 ( Figure 6A , lane 10). Anti-FIP1 antibodies coprecipitated PAP1 or RNA14, but not RNA15, together with unlabeled FIP1 ( Figure 6B , lanes 6-11). PAP1 was precipitated much more efficiently than RNA14, indicating that the interaction between FIP1 and RNA14 is weaker under the experimental conditions. Hence, in vivo, other as yet unidentified components of CF I or PF I may contribute to the interaction between RNA14 and FIP1. Interestingly, depletion of wild-type extracts with an antiserum to PAP1 drastically reduces the cleavage reaction (Minvielle-Sebastia et al., 1994) , indicating that PAP1 associates with cleavage factor(s) in total cell extracts. When labeled RNA14, RNA15, and PAP1 were mixed and subjected to coimmunoprecipitation with FIP1 affinity . FormationofaPAP1-FIP1-RNA14ProteinComplexinVitro (A) PAP1 complexes with FIP1, but not with RNA14 or RNA15. Protein samples, translated and radiolabeled in vitro, were subjected to immunoprecipitation, and the eluates were loaded onto a SDS-polyacrylamide (90/0) gel. D ried gels were exposed to film for 12 hr. Controls were done under the same conditions, except that anti-PAP1 preimmune serum, coupled to protein A-Sepharose beads (lanes labeled p), replaced anti-PAP1 immunobeads (lanes labeled ~). In vitro translated PAP1 was incubated with anti-PAP1 immunobeads or the control resin (lanes 1 and 2). Unlabeled recombinant poly(A) polymerase was coupled to anti-PAP1 immunobeads and mixed with 8 p.I of RNA14, 8 I~1 of RNA15, or 3 I~1 of FIP1, translated in reticulocyte lysate (lanes 6-11). Of the protein input, one tenth was loaded directly for comparison (lanes 3-5). The positions of the full-length proteins and of 14C-labeled protein markers (M) are indicated by arrowheads. (B) FIP1 complexes with PAP1 and RNA14 simultaneously, In vitro translated FIP1 was mixed with protein A-Sepharose bearing either anti-FIP1 antibodies (lanes labeled ~) or the corresponding preimmune serum (lanes labeled p), and the precipitate was analyzed as in (A), except that the exposure time was 48 hr (lanes I and 2). For coimmunoprecipitations the immunobeads were first incubated with unlabeled recombinant FIPI. After extensive washing, the resin was mixed with 8 I~1 of RNA14, 8 Ill of RNA15, 6 ~1 of PAP1, or a combination of all three proteins, and the immunoprecipitates were analyzed for their content of labeled proteins (lanes 6-13). We loaded one tenth of each protein used for the coimmunoprecipitation experiment directly (lanes 3-5).
(C) Possible architecture of a polyadenylation complex bound to upstream polyadenylation sequences (UPS) on the pre-mRNA. See text for details. Spheres marked with question marks represent other possible subunits of PF I and CF I.
beads, both RNA14 and PAP1 were detected in the eluate ( Figure 6B , lanes 12 and 13). Thus, poly(A) polymerase can be linked to a component of CF I, with FIP1 being the intermediary.
Discussion
We have identified a yeast gene, FIP1, that encodes a protein interacting with poly(A) polymerase. The FIP1 protein shows no similarity to known proteins or protein motifs. Its most striking features are a very acidic N-terminus, which is also rich in serines, and a C-terminal stretch of 37 amino acids containing 16 proline residues. Proline-rich domains are characteristic for several other proteins involved in different aspects of RNA processing, including the 77 kDa subunit of the human CstF (Takagaki and Manley, 1994) , the 70K U1 small nuclear ribonucleoprotein particle protein (RNP) (Query et al., 1989) , the yeast poly(A)-binding protein (PAB) (Sachs et al., 1986) , and a yeast nuclear polyadenylated RNA-binding protein (NAB3) (VVilson et al., 1994) . All these proteins contain stretches of up to 200 amino acids with a proline content of over 20%. The function of this proline-rich domain is not known; this domain is not essential for the RNA-binding activity of PAB and can be deleted from PAB (Sachs et al., 1987) and FIP1 without severely affecting viability.
After a shift of fipl-3 mutant cells to their restrictive temperature, a rapid decay of long poly(A) tails was observed, whereas a population of short tails (up to 20 adenosine residues) persisted for at least I hr. (Herrick et al., 1990) , and pap1-1 (Patel and Butler, 1992) (Chen and Moore, 1992) restore wild-type polyadenylation activity to these extracts, suggesting that FIP1 encodes PF I or a subunit of PF I. This result was expected, since PF I is the only factor besides PAP1 that is needed only for the polyadenylation step. In this respect, PF I is reminiscent of mammalian PAB II (Wahle, 1991b) . PF I fractions or recombinant FIP1, however, failed to bind poly(A) ribopolymers (P. J. P., unpublished data). Polyclonal antibodies raised against recombinant FIP1 recognized a protein of -50 kDa in PF I fractions and in wild-type extract. The same antibodies failed to recognize a polypeptide in extracts from fipl-1 or fipl-3 mutant cells.
Thus, the nonsense mutations may cause a reduced sta o bility of the proteins or their corresponding mRNAs (Peltz et al., 1994) ; alternatively, the mutant proteins may be stable in vivo, but become degraded during preparation of samples for Western blotting. Since hybrids of the GAD and either the wild-type or mutant proteins were expressed equally well, the GAD portion of the hybrids appears to protect the mutant proteins or their coding sequences from degradation.
The CYC1 mRNA represents a class of genes bearing a UAG... UAUG UA-type 3'.end processing motif (Zaret and Sherman, 1982) . We tested whether FIP1 would also be required for polyadenylation of a pre-mRNA bearing a different type of signal. For the GAL7 mRNA, it was shown that processing in vivo and in vitro is prevented by deleting a UA repeat upstream of the poly(A) site (Abe et al., 1990; Chen and Moore, 1992) . A precleaved RNA substrate derived from the 3' end of the GAL 7 gene was not polyadenylated by fipl-1 extracts, and polyadenylation activity could be restored by PF I fractions (data not shown). Thus, FIP1 is needed for polyadenylation of different pre-mRNAs, despite an apparent lack of highly conserved signal sequences in these RNAs.
The two hybrid-system does not allow one to determine whether two proteins that give a positive signal in the screen interact directly or via other proteins. A direct interaction between recombinant FIP1 and PAP1 was demonstrated by coelution of these proteins from a gel filtration column and by coimmunoprecipitation of FIP1 with PAP1. Moreover, coimmunoprecipitation experiments suggest the formation of a ternary complex consisting of PAP1, FIP1, and RNA14. In this complex FIP1 interacts simultaneously with PAP1 and RNA14. We failed to precipitate significant amounts of RNA15 with the other three proteins using anti-FIP1 immunobeads. However, RNA14 coupled to anti-RNA14 immunobeads coprecipitates sizable amounts of RNA15 and vice versa (L. M.-S., unpublished data). A functional interaction between RNA14 and RNA15 has been attested to by genetic and biochemical results (Bloch et al., 1978; Minvielle-Sebastia et al., 1991 , 1994 . The RNA15 protein has a RNP-type RNA-binding motif (Minvielle-Sebastia et al., 1991 ) that binds to poly(U) ribopolymers (L. M.-S., unpublished data). Since sequences directing 3'-end formation are often U rich (Abe et al., 1990; Irniger et al., 1991; Russo et al., 1993) , RNA15 is a likely candidate for a protein factor interacting with such sequences. Based on these findings, we propose a model for the assembly of a protein complex on the pre-mRNA. In this model, PF I recruits poly(A) polymerase to CF I, which may recognize signal sequences upstream of the poly(A) site ( Figure 6C ).
Under physiological reaction conditions and in the absence of other factors, yeast and bovine poly(A) polymerases are barely active and nonspecific with respect to their RNA primer (Lingner et al., 1991a; Wahle, 1991a) . The mammalian CPSF enhances both efficiency and specificity of the mammalian polymerase. CPSF binds to the ubiquitous recognition signal AAUAAA upstream of the poly(A) site and probably also interacts directly YCplac22 (Gietz and Sugino, 1988 ) carrying a 2.7 kb Pstl-Xbal genomic fragment covering FIP1
Same as plA22, but carrying fipl-1
YCplac33 (Gietz and Sugino, 1988 ) carrying a 2.7 kb Pstl-Xbal genomic fragment covering FIP1
A SacI-Bglll PCR fragment bearing tip1-2 was cloned into the respective sites of pHCBSS; pHCBS3 carries a 2.6 kb Hindlll insert containing the entire PAP1 gene (Lingner et al., 1991b) in YCplac22 in which the Bglll and Sacl sites have been destroyed
Same as plA29, but carrying fipl-3
A derivative of pGBD-PAP (see Experimental Procedures) with a 1.3 kb SacI-SnaBI genomic fragment carrying FIP1 inserted into SacI-Pstl (blunt) sites A 2.1 kb BamHI-Pstl fragment from pGBD-PAP (containing PAP1) was inserted into the respective sites of pGAD424 (Fields and Song, 1989) GAD-FIP1 (amino acids 1-327) translational fusion: a derivative of pGAD-PAP with a 1.1 kb SacI-Dral FIP1 fragment from plA22 inserted into SacI-Pstl (blunt) sites GAD-Fipl-2 (amino acids 1-216) translational fusion: a derivative of pGAD-PAP with a SacI-Bglll fragment from plA29 inserted into the respective sites GAD-Fipl-3 (amino acids 1-196) translational fusion: like pGAD-Fip2, but with a SacI-Bglll fragment from plA30
with poly(A) polymerase (Bienroth et al., 1993) . The factor that functionally represents the yeast homolog of mammalian CPSF is CF I. However, unlike CPSF, CF I is not sufficient to activate the polymerase. The results presented here imply that the function of CPSF in yeast is carried out by two separate factors: CF I interacting with the RNA substrate and PF I, which binds to both CF I and PAP1. Recombinant FIP1 failed to restore polyadenylation activity in fipl-1 extracts. Thus, FIP1 may be tightly associated in a complex of nondissociable factors that constitute PF I; alternatively, recombinant FIP1 may not be functional in the yeast cell-free system. Purification of PF I from yeast cell extracts is under way and should help to clarify this issue. Recently, Takagaki and Manley (1994) have pointed out sequence similarities between the 77 kDa and 64 kDa subunits of CstF and RNA14 and RNA15. The similarity between the 77 kDa subunit and RNA14 is weak, and the similarity between the 64 kDa subunit and RNA15 is mostly in the RNP domain, which is conserved in many proteins. Since CstF is required for cleavage only (Takagaki et al., 1990) , the sign ificance of these alignments is not obvious. However, it is possible that mammalian CstF and yeast CF I are functionally related.
Since more of the factors involved in yeast mRNA 3'-end processing are now available, it should be possible to identify additional genes on the basis of their interaction with PAP1, RNA 14, RNA 15, or FIP1 and to elucidate the mechanism and function of polyadenylation.
Experimental Procedures Yeast Strains, Media, and Genetic Methods
The S. cerevisiae strains used in this study are listed in Table 2 . Most media and genetic methods were as described elsewhere (Guthrie and Fink, 1991) . YPFD medium is YPD (10/0 yeast extract, 2O/o bactopeptone, 2% glucose), supplemented with 3% formamide. Yeast cells were transformed by treatment with lithium acetate and polyethylene glycol (Gietz et al., 1992) .
Plasmids
Plasmids were co nstructed by standard procedures (Sambrook et al., 1989) . Some essential procedures used to construct plasmids are described below in connection with the two-hybrid system, in vitro mutagenesis, and recombinant expression of proteins. Other plasmids used in this study are listed in Table 1 .
Isolation of a PAPl-lnteracting Protein in the GAL4 Two-Hybrid System
As a target for proteins interacting with PAP1, plasmid pGBD-PAP, encoding a GSD-PAP1 fusion, was constructed. PAP1 was amplified from a genomic clone (Lingner et al., 1991 b) by PCR with an oligonucleotide annealing to the 5' end of the PAP10RF (5'-GGGGATCCAT-ATGAGCTCTCAAAAGGTTTTTG-3') and the commercial SK primer (Stratagene). The amplified fragment was cut with Bam HI (underlined) and cloned into the BamHI site of pGBT9 (Fields and Song, 1989) in such an orientation that the PAP10RF was expressed as a translational fusion to GBD. Yeast strain Y526 (Legrain and Rosbash, 1989) was transformed with pGBD-PAP and a mixture of equal quantities Like PJP20, but plA34 (CEN4 URA3 FIP1)
MA
Like PJP20, but plA23 (CEN4 TRP1 tip1-1)
of three pGAD plasmid libraries (obtained from S. Fields via P. Linder, Biozentrum, Basel) containing fusions of the GAD to yeast genomic DNA fragments in each reading frame, Transformants were selected on SC medium lacking leucine and tryptophan and scored for lacZ expression on medium containing 1 mg/ml 5-bromo-4-chloro-3-indolyl-~-D-galactoside (X-Gal) (Chevray and Nathans, 1992) , from which 184 blue colonies were isolated. To determine whether lacZ expression in these colonies was dependent on both plasmids, we grew the clones in SC liquid medium lacking leucine to select only for the GAD-fusion plasmid. Cultures were then plated onto SC medium lacking leucine and replicated on SC medium lacking tryptophan. Yeast colonies that had lost the plasmid containing the GBD-PAP fusion (tryptophan auxotrophs) were retested for ~-galactosidase activity. Three clones were recovered that produced color only in the presence of both plasrnids and were sequenced with a GAD-specific primer (5'-GGGATGTT-TAATACCAC-3').
I~-Galactosidase Assay
Quantitative assays were performed as described previously (Legrain et al., 1993) , except that samples were incubated at 30°C with 0.86 mg/ml chlorophenol red-~-D-galactopyranoside (Boehringer Mannhelm) as substrate for the enzyme. Samples were centrifuged for 2 min, and the optical density of the supernatant was read at 574 nm. An arbritary unit was defined as 1000 x ODsT, per rain of reaction time for t ml of culture at OD6o0 = 1.0. Background readings obtained with untransformed strains were subtracted. Under these conditions the sensitivity of the assay is -0.1 U.
Recombinant Proteins
The T7 overexpression system developed by Studier (1991) was used for recombinant expression of PAP1 and FIP1 in E. coll. PAP1 was expressed and purified as described (Lingner and Keller, 1993) . For purification of FIP1, the FIP1 coding region was amplified by PCR using the primers FIPSTART (5'-GGGGATCCATATGAGCTCGAGT-GAAGACG-3') and FIPEND (5'-GGAGATCTCATTTCGAATI'I IGAT-TTTG-3'). After restriction enzyme digestion with Ndel and Bglll (underlined) , the DNA fragment was cloned into NdeI-BamHI-digested pM10-His6 (G. Martin, personal communication), yielding plasmid pFL11. This construct allows the expression of FIP1 under the control of the phage T7 promoter with a peptide tag (MetAla[His]8) fused to its N-terminus. E. coil strain BL21 (DE3) pLysS (Studier, 1991) was transformed with pFL11 and grown in 0.5 liters of terrific broth (Sambrook et al., 1989) at 24°C. After induction with 0.5 mM isopropyl-J3-D-thiogalactopyranosida for 8 hr, cells were harvested (OD~ = 8), resuspended in 50 ml of buffer A (10 mM Tris-HCI [pH 8.0], 6 M guanidine hydrochloride, 100 mM Na-phosphate), and lysed by freezing in liquid nitrogen and thawing. The lysate was cleared by sonification (three times for 90 s; level 4.5; Branson Sonifier) and centrifugation at 28,000 x g for 10 min. The supernatant contained a polypeptide with an apparent molecular mass of -50 kDa that was not found in extracts of cells transformed with the vector plasmid only. For purification, the extract was applied to a 4 ml Ni~-nitrilotriacetic acid-agarose column (Qiagen) equilibrated in buffer A. Bound protein was washed and eluted with a 3 column volumes of buffer containing 250 mM imidazole as instructed by the manufacturer. The eluate was dialyzed for 6 hr against 2x 3 liters of buffer E (20 mM Tris-HCI [pH 8.0], 50 mM KCI, 1 mM EDTA, 100/o glycerol) and loaded onto a Mono Q HR 5/5 FPLC column (Pharmacia) equilibrated in the same buffer. The column was developed with a 20 ml gradient of 50-500 mM KCI in buffer E. FIP1 eluted between 200 and 250 mM salt. FIPl-containing fractions were concentrated on Centricon 30 concentrators (Amicon) and applied to a Superose 6 column (Pharmacia) equilibrated in buffer E. Approximately 1.1 mg of FIP1, more than 80% pure, was recovered.
For the in vitro expression of proteins, linearized plasmid DNAs were transcribed with bacteriophage T7 RNA polymerase (Stratagene) in the commercial buffer, and the mRNAs were translated in nucleasetreated rabbit reticulocyte lysate containing 40 p~Ci of [35S]methionine (1000 Ci/mmol) in a total volume of 50 p.I, according to the instructions of the manufacturer (Promega). pJPAP1 (Lingner et ai., 1991b) and pFL11 served as templates for transcription of PAP1 and FIP1, respectively. Plasmids for in vitro transcription of RNA15 and RNA14 were cloned as follows. The ORF of the RNA 15 gene was amplified by PCR using the primers 15START, bearing a Bglll site upstream of the start codon, and 15END, which introduces a Hindlll site downstream of the stop cedon. The amplified fragment was cut with the indicated restriction enzymes and cloned into BamHI-Hindlll-restricted pGEM3 (Promega). A plasmid for the in vitro transcription of RNA14 was constructed by PCR amplification of a D NA fragment with the oligonucleotide primers 14START and 14END, introducing, respectively, a BamHI and a Hindlll site upstream and downstream of the start and stop codons in the published RNA14 ORF (Minvielle-Sebastia et al., 1991) . The fragment was cloned into pGEM3 as described above. A sequencing error has recently been discovered (N. Bonneaud and F. Lacroute, personal communication) that made the RNA14 ORF shorter than its actual size (the revised sequence is available under accession number M73461 in the GenBank data base). To generate a full-length clone, the PstI-Hindlll fragment of the PCR product was replaced with a genomic PstI-Hindlll fragment covering most of the ORF and the 3' untranslated region of RNA14.
Generation of Conditional Alleles
Plasmid plA22 was mutagenized according to the method of Rose and Fink (1988) . DNA (28 I~g) was incubated in 200 p.I of hydroxylamine solution for 30 min at 70°C. The reaction was stopped by the addition of 500 p.I of ethanol. DNA was precipitated and redissolved twice and transformed into E. coll. Plasmid DNA from a pool of -8000 transformants was prepared and transformed into PJP22. A total of -18,000 colonies was replicated on SC medium lacking leucine and tryptophan containing 5-fluoroorotic acid to select for the loss of the residual URA3-marked FIP1 plasmid (Boeke et al., 1987) . After growth for 36 hr at 24°C, cells were replicated on YPD and YPFD plates and incubated at either 37°C or 24°C. Two clones were identified that failed to complement the FIP1 null allele on YPFD medium at 37°C. To test whether the temperature-and formamide-sensitive mutations reside in the FIP1 inserts, we recovered the candidate plasmids in E. coli by transformation and recloned the inserts into YCplac22 (Gietz and Sugino, 1988 ) that had not been exposed to mutagen. A strain heterozygous for a deletion of the FIP1 gene (JL21) was transformed with either of the resulting plasmids and sporulated. The growth phenotype of the spore progeny of 10 tetrads from each candidate was examined on YPD and YPFD media as described above. Only for one of the candidates was a 2:2 segregation of the temperature-and formamide-sensitive phenotype observed. In this case the phenotype always cosegregated with the LEU2 marker used to disrupt the ch romosomal FIP1 gene. The conditional allele was designated fipl-1, and the corresponding plasmid and strain were termed plA23 and PJP24, respectively.
Allele fipl-2 was generated by introducing an UGA termination codon after amino acid 216 into the FIP1 gene. This was achieved by PCR with the primer FIPSTART (see above) and the 3' primer (5" GCAGATCTATCTATGTAAATACTCCATCCAG-3') on plA22 as a template. The amplified fragment was digested with Sacl and Bglll (underlined) and cloned into the respective sites of pHCBS3 (Table 1) , yielding plasmid plA29. In this construct, the fipl-2 allele is under the control of the heterologous PAP1 promoter, plA29 was introduced into strain PJP22 by plasmid shuffling, and the phenotype was examined by streaking cells on appropriate media. Allele fipl-3, lacking the last 131 amino acids, was made accordingly, except that the 3' primer was 5'-GCAGATCTAGTTGGCCCCCGGTTGC-3'.
Temperature Shift and Measurement of the Poly(A) Tail Length of Cellular RNAs
Cells were grown at 24°C in 100 ml of YPD medium to an OD~ of 2.0. An aliquot (at time 0) was withdrawn immediately prior to the addition of an equal volume of YPD prewarmed to 50°C, and incubation was continued at 37°C. At the timepoints indicated in the legend to Figure 3 , 20 ml aliquots were chilled by adding crushed ice, and cells were collected by centrifugation. Total RNA was isolated as described (Minvielle-Sebastia et al., 1991 ) and dissolved in 100 p.I of diethyl pyrecarbonate-treated water. For further purification, 100 pJ of 1-butanol was added and mixed with the aqueous phase by inverting the tube several times. After brief centrifugation, the organic phase was removed, and RNA was precipitated at room temperatu re in 2.5 M ammonium acetate and 2.5 vol of ethanol. The RNA was collected by centrifugation, washed with 70% ethanol, dried, and resuspended in diethyl pyrocarbonate-treated water at a final concentration of 2 p_g/pl. RNAs were 3'end labeled by a modification of the method of Lingner and Keller (1993) . Samples (2 p.g each) were incubated at 30°C in a total volu me of 12 p~l containing 20 m M Tris-HCI (pH 7.0), 10% glycerol, 50 mM KCI, 0.7 mM MnCI2, 0.2 I~g of BSA, 0.066 pM [(z-32P]cordycepin 5'-triphosphate (5 Clip.tool; DuPont) , and 100 ng of recombinant poly(A) polymerase. After 30 rain the enzyme was heat inactivated at 90°C for 3 min, and incorporation of label was determined by adsorption of an aliquot to DEAE paper (Whatman DE81) (Stayton and Kornberg, 1983) . Equal amounts of incorporated label (60,000-80,000 cpm) from each sample were RNase treated for 40 min in a final volume of 80 pl, containing 10 mM Tris-HCI (pH 8.0), 300 mM NaCI, 50 p.g of yeast RNA, 25 U of RNase T1 (Sigma), and 1 pg of RNase A (Boehringer Mannheim). The reaction was stopped by the addition of 20 p.I containing 1 mg/ml proteinase K, 5% SDS, 50 mM EDTA, and 200 pg of glycogen and incubated at 42°C for 30 rain. The nuclease-resistant poly(A) tails were precipitated in 2.5 M ammonium acetate, 15 mM MgCI2, and 2.5 vol of ethanol and pelleted by centrifugation for 1 hr at 15,000 x g. Pellets were washed with ice-cold 80% ethanol, resuspended in 3 i~1 of loading buffer (95% formamide, 20 m M EDTA, 0.05% bromphenol blue), and electrophoresed on a gel of 100/0 polyacrylamide and 8.3 M urea in 1 x TBE (Sambrook et al., 1989) . Poly(A) tails were visualized by autoradiography with Kodak X-OMAT films.
In Vitro 3'-End Processing Assay CYC1-and CYCl.precleaved RNAs were synthesized from restriction enzyme-linearized plasmids by transcription with bacteriophage T7 RNA polymerase (Stratagene) in the presence of 0.1 mM [a-32]UTP (10-20 Ci/mmol). Transcripts were capped with diguanosinetriphosphate and gel purified. CYCl RNA was transcribed from EcoRIrestricted pG4-CYC1 (Minvielle-Sebastia et al., 1994) . A template for the production of precleaved CYCl (pG4-CYCl-pre) was derived by insertion of an Ndel site just distal to the cleavage site into the 3' untranslated region of the CYC1 gene. For that, pG4-CYC1 was amplified by PCR with the 5' primer (5'-CTCTAGACGATATCATGTAAT-TAGTT-3~ and a 3' primer complementary to the poly(A) site (5'-GGAATrCCATATGAAATATAAATAACGTTCTT-3~. The amplified DNA fragment was cut with Xbal and EcoRI (underlined) and ligated into pGEM4 (Promega), digested with the same enzymes. Transcription of pG4-CYC1 precut with Ndel (italicized) produced an RNA of 194 nt that ended at the natural poly(A) site of the CYC1 mRNA (Russo et al., 1993) .
Processing assays were carried out at 30°C in a volume of 25 p.I containing 20-40 fmole of labeled RNA, as described previously (Minvielle-Sebastia et al., 1994) .
Protein extracts were made and fractionated by ammonium sulfate precipitation as described elsewhere (Butler et al., 1990) . For separation of 3'-end processing factors, VD H2 (Minvielle-Sebastia et al., 1994) extract was loaded on a Mono Q HR 5/5 FPLC column. The column was developed with a 40 column volume gradient of 50-500 mM KCI in buffer (Chen and Moore, 1992) .
Antibodies and Coimmunoprecipitations
Poiyclonal anti-PAP1 and anti-FIP1 antisera were elicited by immunizing rabbits with recombinant protein, From the sera obtained, antibodies were affinity purified on immobilized PAP1 and FIP1 proteins according to standard procedures (Pringle et al., 1991) .
For immunoprecipitation of proteins, 20 I~1 of a protein A-Sepharose slurry equilibrated in 20 mM Tris-HCI (pH 8.0), 150 mM KCI, 0.1o/0 NP-40 was mixed with 2 I~1 of crude antiserum or preimmune serum directed against FIP1 or PAP1. After 90 min incubation at 24°C on an end-over-end shaker, the resin was washed four times with 1 ml of the same buffer and added to 300 pl of buffer containing 0.6 I~g of either FIP1 or PAP1 purified from E. coil or 3-8 Id of in vitro translated and radiolabeled proteins, as specified in the legend to Figure 6 . Incubation was continued for another 90 rain at 4°C, and unbound proteins were removed by three 5 rain washes with buffer. If a second round of protein binding was performed, incubation and washing procedures were as above. Proteins were eluted in 20 p.I of SDS-PAGE sample buffer and resolved by 9% SDS-PAGE.
